ABSTRACT
Ammonium assimilation by higher plants and microalgae occurs predominately via the glutamine synthetase/glutamine-2-oxo-glutarate amino-transferase pathway (1, 9) . Operation of this pathway for net glutamate production requires the provision of aKG2, while the subsequent biosynthesis of other amino acids by transamination requires TCA cycle and glycolytic intermediates (9) . Nitrogen assimilation also requires ATP and reducing power. In darkness, the requirements for carbon skeletons, ATP, and reducing power, can be met by mitochondrial respiration, whereas in the light ATP and reducing power may also be supplied by the light reactions of photosynthesis.
Ammonium assimilation results in increased TCA cycle carbon flow to provide the carbon skeletons necessary for amino acid synthesis (10, 16 
MATERIALS AND METHODS Algal Strains and Culture Methods
Wild type Chlamydomonas reinhardtii R34 and Cyt ox-C. reinhardtii R4 were obtained via crosses using existing strains (19) . Respiratory capabilities of both strains have been assessed using both inhibitor titrations and discrimination against 1802 (19) . C. reinhardtii R34 was shown to possess a substantial capacity for both Cyt and alternative pathway respiration, while in C. reinhardtii R4 Cyt pathway capacity was undectable ( 19) .
Cells were grown in N-limited chemostats (4), using a modification of Surzycki's medium (20) . Cultures were bubbled with air enriched with 2.5% CO2. Dissolved inorganic carbon in the culture was approximately 2.5 mm. Nitrogen was supplied as 1 mm NH4Cl, at a dilution rate of 0.3 d-'.
Temperature was maintained at 30°C. Plant Physiol. Vol. 94, 1990 Use of Isotope Discrimination Discrimination against 1802 by mitochondrial respiration was calculated from changes in the stable oxygen isotope composition of the medium with time (7, 19) . Samples were analyzed for stable oxygen isotope ratios via a VG Isotech (Middlewich, England) Prism triple-collecting mass spectrometer. Due to the production of 02 in the light from water photolysis, the isotopic discrimination method of measuring respiratory electron partitioning is not appropriate under photosynthetic conditions. Consequently, this technique was only used to evaluate partitioning of respiratory electron flow between Cyt and alternative pathways in the dark.
Inhibitor Effects on Gas Exchange
Respiratory electron flow through the alternative pathway (in both light and dark) was also evaluated by the SHAM inhibition of 02 consumption. Concomitant TCA cycle CO2 release was also recorded. On-line gas exchange was measured using a membrane inlet-equipped VG Gas Analysis (Middlewich, England) MM 14-80SC mass spectrometer (17 (18) . Unfiltered samples (2.5 mL) were combined with 25 ,uL of 10 N NaOH and mixed vigorously to convert NH4+ to NH3. The total NH3 concentration was then measured with an NH3 electrode. As this treatment releases internal NH4+, the rate of NH4+ disappearance represents the rate of NH4' assimilation.
Chl was measured spectrophotometrically following extraction in 90% acetone (8) .
RESULTS

Oxygen Isotope Discrimination
Previous work has established values for the 1802 discrimination associated with Cyt and alternative pathway-mediated 02 consumption in wild type Chlamydomonas reinhardtii cells (Table I) . These values were determined by measuring the 1802 discrimination in the presence of KCN for alternative pathway activity, and in the presence of SHAM for Cyt pathway activity (19) . Under control conditions in the dark (i.e. absence of inhibitors or ammonium) the 1802 discrimination associated with respiratory 02 consumption was completely consistent with operation of only the Cyt pathway in wild-type cells, and only the alternative pathway in Cyt oxcells (19) . These results agreed with the inhibitor data presented in the same study.
In the present study we measured the 1802 discrimination associated with respiratory 02 consumption during dark ammonium assimilation by N-limited wild-type cells (Table I) , which was accompanied by a marked stimulation of mitochondrial 02 consumption (Fig. 1) . The '"02 discrimination associated with this increased respiratory 02 consumption was the same as that previously reported for the Cyt pathway ( Table I (Table II) . This SHAM concentration resulted in approximately a 20% decrease in gross photosynthetic 02 evolution, and a similar decrease in CO2 fixation (Table III) . Subsequent addition of KCN resulted in a 70% decrease in mitochondrial 02 consumption (Table II) . Residual (Table II) . (Table III) .
Effects of Ammonium Assimilation on Mitochondrial Respiration
Addition of 500 ,uM NH4Cl to both wild-type and Cyt oxcells resulted in a large stimulation of mitochondrial respiration in the dark, measured both as increased respiratory 02 consumption and increased TCA cycle CO2 release (Fig. 1, A  and B) . However, the SHAM sensitivity of this increased respiration differed between the two strains. Addition of SHAM to wild-type cells had little effect on gas exchange (Fig. Fig. 2 ). Dark 02 consumption in the presence of KCN (i.e. via the alternative pathway) could be further increased by the addition of ammonium, and inhibited by the subsequent addition of SHAM (Fig. 2) . Patterns of TCA cycle CO2 release were consistent with the effects on 02 consumption (Fig. 2) .
Results similar to those in the dark were observed during photosynthesis (Fig. 3, A mined from 1802 disappearance tends not to be biased by preferential local consumption of photosynthetically-produced 1602 (5) . The 02 consumption observed in the light was due almost exclusively to mitochondrial respiration. High-DIC grown green algae assayed in high DIC exhibit very low rates of photorespiration (21) . Furthermore, addition of DCMU to photosynthesizing cells had no short-term effects on gross 02 consumption (data not shown), precluding significant rates of 02 consumption by either the Mehler reaction (02 photoreduction) or photorespiration.
Ammonium Assimilation
The ammonium assimilation rate was maximal in the light for both strains (Table IV) ; however, assimilation by Cyt oxcells was much more sensitive to the presence of SHAM. Darkness only slightly decreased the rate of ammonium assimilation by wild type, but resulted in a 75% decrease in Cyt ox-cells. Addition of SHAM in the dark resulted in approximately a 30% decrease in ammonium assimilation by wild type, and completely inhibited assimilation by the Cyt oxstrain.
DISCUSSION
The oxidation of mitochondrial reductant (NADH, FADH2) necessary for the maintenance of respiratory carbon flow may occur, in part, by either the Cyt or alternative electron transport chains. Cyt pathway activity is coupled to the synthesis of 3 ATP per electron pair passed to 02, while operation of the alternative pathway yields a maximum of 1 ATP per electron pair (generated via site I [ 11] ). There has been considerable discussion as to the role of the alternative pathway in plant metabolism, but a satisfactory picture has yet to emerge (15) . One hypothesis is that the alternative pathway serves to maintain TCA cycle carbon flow in support of biosynthesis when mitochondrial electron transport chain activity is restricted by ADP supply (2, 12, 14) .
Maintenance of TCA Cycle Carbon Flow during Dark Ammonium Assimilation
The onset of dark ammonium assimilation resulted in a large increase in respiratory CO2 release in wild-type cells, consistent with an increase in glycolytic and TCA cycle carbon flow necessary for the provision ofcarbon skeletons for amino acid biosynthesis ( Figs. 1 and 2 ; cJf ref. 16 ). Concomitant with the increase in respiratory CO2 release was an increase in mitochondrial 02 consumption. During dark ammonium assimilation by wild-type cells, the addition of SHAM had little effect on respiratory CO2 release or 02 consumption (Fig. lA) , and only a 30% inhibition of NH4' assimilation (Table IV) .
In the Cyt ox-strain, the ammonium assimilation-induced stimulation of respiratory CO2 release and 02 consumption (Fig. lB) was much less than observed in the wild type. This was consistent with the lower rates ofammonium assimilation exhibited by Cyt ox-cells in the dark (Table IV) . Both 02 consumption and TCA cycle CO2 release were SHAM-sensitive in Cyt ox-cells. Furthermore, the addition of SHAM completely inhibited dark ammonium assimilation (Table   TIME ( The use of inhibitors in evaluating the engagement of the alternative pathway may cause artefacts (13) . Recently it has been shown that the alternative and Cyt pathways discriminate differentially against 1802 (7, 19) . By examining the discrimination against 1802 by whole cell respiration it is possible to determine the partitioning of respiratory electron flow between the Cyt and alternative pathways in the absence of inhibitors. Use of this technique confirms the conclusions reached from the inhibitor-based work: the stimulation of mitochondrial 02 consumption during ammonium assimilation by wild-type cells was mediated entirely via the Cyt pathway, and that the alternative pathway was not engaged (Table I) (Table II) or during the ammonium assimilation-enhanced respiration (Fig. 3) . These results imply that even during photosynthesis the Cyt pathway supports biosynthetic TCA cycle carbon flow.
In the Cyt ox-strain, NH4' assimilation was nearly fourfold higher in the light than in the dark (Table IV) , possibly due to inadequate ATP supply due to the absence of a functional Cyt pathway. Ammonium addition in the light resulted in both increased mitochondrial 02 consumption and TCA cycle CO2 release (Fig. 3B ). As expected, this increase was SHAMsensitive, indicating that it was mediated by the alternative pathway. The addition of SHAM also resulted in approximately a 50% decline in the rate of ammonium assmilation (Table IV) .
Role of Altemative Pathway Respiration
The results presented in this paper indicate that the alternative pathway can indeed function to maintain TCA cycle carbon flow for the provision of intermediates during biosynthesis when the Cyt pathway is nonfunctional (+KCN, Cyt ox-cells). Other work with Euglena has shown that alternative pathway capacity and activity can be induced by growing cells in the presence of antimycin A, which inhibits Cyt pathway activity (3) . However, in the presence of a functional Cyt pathway, we were unable to demonstrate engagement of the alternative pathway under any conditions tested. In wild-type cells, the continued reductant oxidation during ammonium assimilation-enhanced TCA cycle activity was mediated exclusively via Cyt pathway activity. This suggests that, under the conditions tested, the alternative pathway is not involved in the maintenance ofTCA cycle carbon flow for the provision of biosynthetic intermediates in wild-type cells.
